Metabolic syndrome (MetS) is a group of cardio-metabolic risk factors that includes obesity, insulin resistance, hypertension, and dyslipidemia; these are also a combination of independent coronary artery disease (CAD) risk factors. Alarmingly, the prevalence of MetS risk factors are increasing and a leading cause for mortality. In the vasculature, complications from MetS and type 2 diabetes (T2D) can be divided into microvascular (retinopathy and nephropathy) and macrovascular (cardiovascular diseases and erectile dysfunction). In addition to vascular and endothelial dysfunction, vascular remodeling and stiffness are also hallmarks of cardiovascular disease (CVD), and well-characterized vascular changes that are observed in the early stages of hypertension, T2D, and obesity [1] [2] [3] . In the heart, the link between obstructive atherosclerosis of coronary macrovessels and myocardial ischemia (MI) is well established. However, recent studies show that abnormalities in the coronary microcirculation are associated with functional and structural changes in coronary microvessels (classically defined as being ≤150-200 m internal diameter), which may cause or contribute to MI even in the absence of obstractive CAD. This suggests a prognostic value of an abnormal coronary microcirculation as an early sub-clinical culprit in the pathogenesis and progression of heart disease in T2D and MetS. The aim of this review is to summarize recent studies investigating the coronary microvascular remodeling in an early pre-atherosclerotic phase of MetS and T2D, and to explore potential mechanisms associated with the timing of coronary microvascular remodeling relative to that of the macrovasculature.
Introduction
Metabolic Syndrome (MetS) is a cluster of metabolic disorders that includes at least three of the following: hyperglycemia, insulin resistance, abdominal obesity, hypertriclyceridemia/hyercholesterolemia, and hypertension. Much like type 2 diabetes (T2D), it is a risk factor for coronary heart disease and stroke. According to the American Heart Association (AHA), an estimated 34% of adult Americans have MetS, and its prevalence is increasing globally [4] . T2D is a chronic disease characterized by hyperglycemia and insulin resistance, and it also is a major public health problem of considerable magnitude. T2D affects children, adolescents and adults, and according to the Centers for Disease Control and Prevention (CDC), 29.1 million people or 9.3% of the U.S. population had diabetes in 2014 [5] . The total economic cost of diagnosed diabetes in 2012 was $245 billion, which is a 41% increase from our previous estimate of $174 billion (in 2007 dollars) [6] . Both T2D and MetS confer a 2-to 4-fold increased risk of cardiovascular morbidity and mortality. CAD is the main cause of death in patients with T2D, accounting for about 70% of cases [7] . However, improvements in therapy and management have contributed to a decrease in cardiovascular mortality, resulting in diabetics who live longer, thus experiencing more diabetes-related cardiovascular complications. Understanding the mechanisms associated with cardiovascular complications of T2D and MetS is crucial in order to develop therapeutics aiming to improve the health outcomes in people with T2D and MetS.
MetS is characterized by state of a chronic low-grade inflammation, which plays an important role in the progression of the disease. In fact, in diseases such as obesity and T2D, circulating levels of inflammatory markers such as C-reactive protein (CRP), tumor necrosis factor-␣ (TNF-␣) and interleukin-6 (IL-6) are elevated [8, 9] . These circulating inflammatory markers can induce endothelial dysfunction by mean of increasing reactive oxygen species (ROS) generation and decreasing nitric oxide (NO) bioavailability.
With the loss of a healthy endothelial layer, there is dysregulation in the ability of the endothelium to regulate vascular tone. Blood vessels then undergo vascular remodeling, which may be a compensatory mechanism to restore wall tension and normalize wall stress. Although signaling pathways involved in both macroand microvascular remodeling are similar, the patterns and the progression of remodeling are different. In hypertension, small resistance arteries undergo eutrophic or hypertrophic remodeling. In contrast, large arteries undergo hypertrophic remodeling associated with increased media to lumen ratio and increased medial cross-sectional area (CSA) [10] . Furthermore, macrovessels are prone at a later stage to atherosclerosis-induced remodeling as a consequence of endothelial and vascular wall injury and chronic inflammation. In T2D and MetS, animal studies from our and other laboratories have shown that, while coronary microvessels undergo inward hypertrophic remodeling, mesenteric arterioles undergo outward hypertrophic remodeling, suggesting different patterns of hypertrophic remodeling that is vascular bed specific. In early stages of disease progression, we found an absence of overt passive structural changes in macrovessels (aorta) [3, [11] [12] [13] [14] . We can conclude from these studies that microvessels may undergo vascular remodeling at an early stage of the disease progression and may present an early subclinical culprit in pathogenesis of coronary microvascular disease (CMD) in T2D and MetS.
Current dogma suggests that myocardial ischemia (MI) results from abnormalities of the epicardial coronary arteries, namely occlusive coronary artery disease as a result of atherosclerosis. However, recent studies have shown that coronary microvascular dysfunction and remodeling can contribute to MI in patients who were found to have normal or near normal coronary arteries during an angiography. This demonstrates that structural and functional CMD may have a prognostic value in clinical setting [15, 16] . Of note, it is important to distinguish between CMD and CAD; while CAD is caused by atherosclerotic plaque build-up inside the coronary arteries at later stages of the disease, CMD is characterized by structural and functional changes in coronary resistance microvessels (CRM) that appear to start earlier during disease progression. This can occur in the presence or absence of atherosclerosis. The purpose of this review is to discuss the timing of macro-vs. microvascular disease, and the potential mechanisms and key players that may contribute to coronary microvascular disease in MetS and diabetes. In some cases where direct evidence from T2D or MetS is lacking, paralells are drawn from lessons learned in hypertension.
Physiology and pathophysiology of the vasculature
Due to pulsatile blood pressure and flow, the vascular wall is constantly subjected to hemodynamic forces such as cyclic stretch and shear stress. Pressure induces a rapid but sustained vasoconstriction called myogenic tone, whereas flow-mediated dilation results from shear stress. In fact, shear stress is a one of the regulators of the expression and production of vasodilatory agents such as nitric oxide (NO), prostacyclin and endothelium-derived hyperpolarizing factor (EDHF), in addition to vasoconstrictive agents such as endothelin-1 (ET-1) and angiotensin II (AngII) [17] [18] [19] . Under physiological conditions where the vasculature is partially constricted due to sympathetic adrenergic influences, these vasoactive agents control vascular tone to regular blood flow; however, in disease conditions where chronic change in pressure or flow is observed, these vasoactive substances were shown to contribute to vascular remodeling by regulating VSMC and extracellular matrix (ECM) function.
Vascular remodeling is an adaptation response to physiological and pathophysiological stimuli, with the ultimate goal of restoring wall tension and normalizing wall stress. It is characterized by structural and functional alterations of the vascular wall in response to injury, disease or aging. The vessel wall is composed of endothelial cells (EC), vascular smooth muscle cells (VSMCs), and fibroblasts housed within an organized network of ECM. The ability of the vascular wall to reorganize its cellular and extracellular components is paramount for function. Vascular remodeling can be classified based on the change in lumen diameter (inward or outward) and wall area (eutrophic, hypotrophic or hypertrophic) [20, 21] . Cells in the vascular wall respond to a plethora of stimuli such as mechanical forces, hormonal and vasoactive molecules, as well as inflammatory mediators.
ECs in the tunica intima, due to their location at the interface between the blood and vessel wall, act as sensors for mechanical stimuli (flow and pressure), as well as circulating humoral and inflammatory factors. In response to pressure change and circulating vasoactive substances in disease states, ECs release various mediators that regulate migration, proliferation, and apoptosis of VSMCs as well as the composition of the ECM [22] .
Under normal conditions, VSMCs function as contractile cells that produce and organize the surrounding ECM support. The vascular wall maintains a contractile VSMC phenotype accompanied with slow ECM turnover. This net balance of normal VSMC function is altered in metabolic diseases, leading to phenotypic switch to either a "migro-proliferative" or "matrigenic" phenotype, with the first resulting in VSMC migration and/or proliferation producing thickening of the intima, while the latter resulting in VSMC differentiation to a secretory phenotype altering ECM composition [23] [24] [25] . The ECM, regulated primarily by VSMCs, supports the structural integrity of the blood vessel wall, with fibrillar collagens providing most of the tensile support in conjunction with elastin providing elastic recoil properties. The relative mechanical contributions of elastin and collagen are thought to be responsible for the characteristic stress-strain curve of the vascular wall. However, literature suggests that the changes in both collagen and elastin were insufficient to explain the observed changes in vascular stiffness, suggesting contribution of intrinsic VSMC stiffness to overall vascular stiffness [26] . The mechanisms involved in vascular remodeling in disease states are closely interrelated, culminating in an alteration of both the cellular and the non-cellular elements of the vascular wall.
Endothelial function in T2D/MetS
MetS is characterized by an early onset of endothelial dysfunction, which actually precedes vascular remodeling (see Graphical abstract) [12, 27] . At an early stage of the disease, increased circulating inflammatory markers and oxidative stress lead to endothelial dysfunction. With the loss of the endothelium role in regulating vascular tone, the blood vessels undergo vascular remodeling to restore normal vascular wall tension.
Endothelium-induced coronary vasodilation was shown to be markedly attenuated in obese Ossabaw swine model of MetS [28] . Furthermore, in a mouse model of T2D (db/db mice), endothelial dysfunction in CRMs is present as early as 12 weeks [29] [30] [31] . Data from our laboratory demonstrate that CRM microvascular remodeling starts only at 16 weeks of age. In another model of MetS (Zucker rats), decreased endothelium-mediated relaxation to acetylcholine was observed as early as 11 weeks in the femoral artery (macrovessel), with no change in vascular remodeling [32] . This suggests that endothelial dysfunction proceeds vascular macro and microvascular remodeling.
Factors such as hyperglycemia, elevated circulating free fatty acids, inflammatory markers (TNF-␣, IL-6), and adipokines (leptin and resistin) can promote endothelial dysfunction in T2D and MetS, with increased oxidative stress playing a central role [27] . In diseases such as hypertension and diabetes, endothelial dysfunction is characterized functionally by a decrease in endothelium-mediated vasorelaxation of the arteries and arterioles, partially due to decreased NO bioavailability [31, 33, 34] . Decreased NO bioavailability can result from an either reduced eNOS activity or from direct reductions in NO via ROS scavenging [31] . NO scavenging by superoxide (O 2 − ) release can then cause further increases in ROS levels through the formation of peroxynitrate (ONOO − ), also leading to eNOS uncoupling [35, 36] . eNOS uncoupling then results in O 2 − generation by the enzyme rather than NO [35, 36] . In T2D, hyperglycemia can induce ROS generation by direct glycation and inactivation of superoxide dismutase (SOD), as well as activation of the advanced glycation end products (AGE)-mediated activation of 1,2-diacylglycerol (DAG)/protein kinase C (PKC) pathway, with subsequent activation of NAPDH oxidase [27, 37] . PKC is critical in normal vascular function, yet can also contribute to endothelial dysfunction by increasing thromboxane A2 levels and reducing prostacyclin (PGI2) in a cyclooxygenase-2 (COX-2)-dependent manner [38] . In addition, AGEs reduce eNOS mRNA half-life through an increased rate of mRNA degradation [37] . This process also contributes to the reduction in NO bioavailability. The pro-inflammatory milieu present amplifies endothelial dysfunction through increased ROS generation and activation of VSMC pro-inflammatory pathways. These signaling pathways were shown to contribute to both endothelial/vascular dysfunction and remodeling, however, their contribution may differ depending on vascular bed and size of the vessel.
Macro vs. microvascular remodeling
Macrovessels (≥150-200 m internal diameter) and microvessels (≤150-200 m internal diameter) differ both in structure and function. Macrovessels, due to their large diameter, serve as lowresistance conduits supplying blood to peripheral organs. Due to their elastic properties, conduit arteries such as the aorta also regulate the pressure and flow pulsation resulting from intermittent ventricular ejection, which allow to transform oscillatory hemodynamics into a steady flow and pressure. In contrast, microvessels account for the majority of the resistance to blood flow, playing an important role in maintaining blood pressure and adequate tissue perfusion and nutrient delivery.
As mentioned above, vascular remodeling can be influenced by VSMC cell proliferation and/or hypertrophy, and alterations in the ECM. However, VSMC cytoskeleton and cell-cell/cell-ECM linkages are also integral to the remodeling process. These events can all be differentially regulated between micro-and macrovessels and demonstrate a time-dependent progression [37] .
In MetS, the central pathological mechanism in macrovascular remodeling, including in the coronary circulation, is largly dictated by the process of atherosclerosis, which leads to narrowing of arterial walls throughout the body at later stages of disease. Nevertheless, pre-atherosclerotic structural changes in macrovessels can be associated with changes in wall thickness in hypertension [39] and/or ECM dysregulation associated with increased stiffness in T2D and MetS [40] . The increased macrovascular stiffness leads to greater pulsatile stress and strain resulting in atherogenesis later during disease progression [41] .
In contrast, microvascular remodeling is a hallmark of metabolic diseases, the onset of which occurs prior to the appearance of occlusive atherosclerosis. In hypertension, depending on the severity of hypertension, small resistance arteries undergo either inward eutrophic (moderate) or inward hypertrophic remodeling (severe), reliant on the changes in media CSA [42, 43] . In diabetes and MetS, recent studies from our laboratory have shown that microvascular remodeling in diabetes depends on the type of diabetes (T1DM or T2DM), is dynamic, and is vascular bed specific [3, 12, 13] . For instance, we reported that in a db/db mouse model of T2D that mesenteric arteries undergo outward hypertrophic remodeling, while CRMs exhibited inward hypertrophic remodeling that was associated with reduced stiffness [12, 13] . Interestingly, while changes in coronary microvascular structure were observed, the coronary macrovascular (left descending coronary arteries) structure was preserved in swine and rat models of T2D and MetS [44, 45] . This suggests that CRM remodeling preceeds coronary macrovascular remodeling in an early stage of T2D and MetS, advocating the prognostic value of CRM remodeling as an early sub-clinical culprit in the pathogenesis of heart disease in T2D and MetS. 
Coronary microvascular remodeling in T2D and MetS
Most studies investigating vascular remodeling have used the aorta and mesenteric resistance vessels as universal surrogates to elucidate canonical mechanisms of macrovascular and microvascular disease, respectively [46, 47] . While these are important studies, few studies have investigated remodeling in a vascularbed-specific manner to account for physiological demand, in particular, microvascular remodeling in the coronary vasculature. This bed is unique in that it fills primarily during diastole and flow is dictated significantly by a tightly regulated combination of local metabolites, autonomic function, and structural considerations (structure-function relationships). Furthermore, deviations from this tight regulation lead to coronary artery disease, the number one contributor to heart failure. Poiseuille's Law states that flow is proportional to the radius to the 4th power; this law defines our understanding of the crucial importance of change of vascular diameter where small changes in vessel radius have an important effect on flow. Using mouse and swine models of MetS and T2D, we showed that CRMs undergo inward hypertrophic remodeling associated with decreased lumen diameter and increased wall thickness and wall to lumen ratio [3, 11, 12, 44] , associated with a decrease in CRM vascular stiffness. Interestingly, similar patterns of decreased stiffness and hypertrophy was recently observed in a rat model of aging [48] . The structural changes in CRMs that we observed were accompanied with a decrease in coronary blood flow (CBF) and coronary flow reserve (CFR), suggesting that microvascular remodeling accounts for at least some of the deleterious ischemic events in T2D and MetS. In fact, in the absence of direct and precise quantification of microvascular function, CFR was proposed as a prognostic tool to predict coronary microvascular dysfunction in patients with angiographically normal arteries [15, 16] .
Of note, we also reported that CRMs from T1D mice (streptozotocin model) did not exhibit any alterations in structural remodeling or mechanics [3] . This difference in CRM remodeling between T1D and T2D may be due to the distinct etiology of the two diseases. In fact, T2D is preceeded by a pre-diabetic phase characterized by early metabolic imbalance, increased insulin resistance and a slight increase in fasting glucose levels. These events increase and activate systemic innate immune cells and the respective inflammatory pathways in the vasculature, particularly the coronary arteries. In contrast, T1D-associated microvascular and cardiac complications occur a while after the onset of diabetes with a strong correlation between the CVD and the duration of T1D [49] .
Furthermore, in hypertension, coronary macrovessels exhibited lower distensibility and a greater elastic modulus when compared to that of their normotensive controls [50, 51] . While most studies showed hypertrophic remodeling with increased wall thickness, the lumen diameter and W/L ratio and CSA were either increased or unchanged [50] [51] [52] [53] . The discrepancy between these studies may result from use of different coronary vessels (for example; LAD vs. septal coronary artery) or different methods of assessing vascular structure-histology [50, 51] vs. pressure myograph [52, 53] . Thus, for future studies, it is imperative to differentiate and understand the differences between the coronary macrovessels (e.g. LAD) and coronary microvessels, when discussing coronary remodeling.
While the signaling mechanisms (s) associated with CRMs remodeling in T2D and MetS are still under investigation, they are usually closely interrelated, culminating in alterations of both the cellular and the non-cellular elements of the vascular wall. The remainder of this review will discuss potential key players in microvascular remodeling, as well as the possible contribution of these players in coronary microvascular remodeling.
Nitric oxide
As discussed above, nitric oxide synthase (NOS) −mainly eNOSis the enzyme that catalyzes the conversion of l-arginine to lcitrulline and NO. NO can be generated in response to shear stress or through the activation of membrane receptors by vasoactive molecules such as acetylcholine and adenosine. In a rat model of MetS (Zucker rats), CRMs exhibited endothelial dysfunction associated with a decrease in coronary eNOS expression and NO production when compared to that of the lean control rats [54] . In addition to regulation of the vascular tone, NO is an important regulator of vascular remodeling through the inhibition of VSMC proliferation [55] and regulation of extracellular matrix protein expression [56] [57] [58] . Furthermore, NO regulates VSMC stiffness by inducing a reduction in VSMC Elastic modulus (E-modulus) and adhesion to collagen I, thus maintaining vascular wall's elasticity and preventing stiffness [59] .
Several studies have focused on the role of NO in regulating vascular remodeling. Pharmacological inhibition of NOS in rats resulted in hypertension associated with coronary microvascular remodeling characterized by increased wall-to-lumen ratio and perivascular fibrosis [60] . Additionally, the effect of NOS inhibition on microvascular remodeling seems to be predominantly from the decrease in NO bioavailability, as the normalization of blood pressure with hydralazine did not reverse vascular remodeling [60] . Furthermore, genetic deletion of eNOS in mice was shown to cause an increase in wall thickness accompanied by a hyper-plastic response of the carotid arterial wall [55] . Additionally, asymmetric dimethylarginine (ADMA) − an endogenous inhibitor of NO-was increased in hypertensive animals and associated with aortic and coronary microvascular remodeling [53, 61] . The decrease in ADMA was associated with attenuation of vascular remodeling of aorta and coronary artery, through an increase in NO bioavailability and superoxide dismutase (SOD) activity [52, 53, 61] .
Another cellular regulator of NO bioavailability is arginase. Arginase is expressed in the blood vessels where it competes with NOS for its substrate L-arginine, resulting in decreased NO production and bioavailability. Arginase expression and activity is elevated in disease states such as hypertension and diabetes [34, 39, 62, 63] . Increased arginase expression was shown to contribute to endothelial dysfunction by reducing l-arginine availability to eNOS for NO production and thus to CRM vasodilation [64] . In deoxycorticosterone acetate-salt hypertension (DOCA) model, genetic deletion of arginase reversed the increased coronary perivascular fibrosis observed in wild type mice [63] . In an AngII-model of hypertension, an increase in wall to lumen ratio was associated with increased arginase expression, decreased NO bioavailability, increased proliferation in aorta, as well as coronary fibrosis with increased collagen expression [39] . Pharmacological inhibition of arginase also shown to inhibit VSMC proliferation [39] . This suggests a potential role of arginase in vascular remodeling.
Reactive oxygen species
In the vasculature, the major source of ROS are NADPH oxidases (NOX), xanthine oxidase, eNOS uncoupling, and mitochondrial electron transport chain, with O 2 − being the predominant effector. In normal conditions, ROS are generated at low levels and not only contribute to the regulation of vascular function but seem to be compulsory. In disease conditions, increased ROS generation is associated with endothelial dysfunction, as well as vascular remodeling [65, 66] . The increased ROS levels may result from either increased ROS-generating pathways such as NADPH oxidase, or decreased ROS-scavenging pathways such as SOD [65, 66] . ROS are central to numerous signaling pathways that regulate vascular remodeling. Indeed, ROS was shown to be involved in remodeling mediated by growth factors such as platelet-derived growth factor (PDGF) and transforming growth factor-␤ (TGF-␤). Finally, the role of mitochondrial ROS in mediating microvascular remodeling in mesenteric arterioles was also observed in reduced renal mass hypertension model [67] . In addition, ROS modulates vascular tone and is associated with increased VSMC proliferation and migration, as well as phenotypic switching and/or ECM composition alteration [66, 68] . Preliminary data from our laboratory demonstrated that inhibition of mitochondrial ROS prevented CRMs remodeling in T2D mouse model, suggesting a crutial role of ROS in microvascular remodeling.
Renin-angiotensin system (RAS)
Angitensin II (AngII) is the classically-predominate bioactive component of the renin-angiotensin aldosterone system (RAAS), which aids in the maintenance of systemic blood pressure through various mechanisms in the cardiovascular and renal systems [69, 70] . Although AngII is crucial for renal function, this peptide is also implicated in the cardiovascular system, more specifically in vascular smooth muscle contraction. AngII also strongly regulates vascular remodeling via VSMC hypertrophy and hyperplasia [70] . In addition, AngII increases VSMC stiffness via increased VSMC E-modulus and adhesion to ECM proteins [59, 71] . AngII-mediated vascular remodeling has been extensively studied and is mediated by a plethora of intracellular pathways downstream of the AngII type 1 receptor (AT 1 R); this triggers proproliferative, profibrotic, and pro-inflammatory signals, all contributing to progression of the disease. The AT 1 R/NOX/ROS signaling pathways all seem to be a primary contributor to AngII-mediated vascular remodeling, as these effects can be attenuated by apocynin, a NOX inhibitor [66] .
Mitogen activated protein kinase (MAPK), which is distinctive for its role in growth factor and cytokine activation, is activated by AT 1 R activation [70] . The inhibition of the MAPK pathway improved vascular function and remodeling by reducing vascular growth, and through increased expression of the matrix metalloproteinases (MMP) [72] . Furthermore, a recent study showed that both angiotensin-converting enzyme (ACE) inhibition and AT 1 R blockade prevented arterial wall hypertrophy in mesenteric arteries [73] .
TGF-␤, a potent regulator of VSMC phenotype and important modulator of ECM composition also contributes to AngII/AT 1 Rmediated remodeling in diabetic rats [74] . Indeed, studies from our laboratory demonstrate that AngII/AT 1 R activation may contribute to the vascular remodeling observed in T2D [11] . Additionally, this AT 1 R-mediated activation of the VSMC by pro-inflammatory signaling may contribute to remodeling present in metabolic diseases [75, 76] .
Of note, AT 2 receptor (AT 2 R) activation has opposing effects on the vasculature, as compared to AT 1 R activation. In line with this, AngII-mediated AT 2 R activation triggers anti-proliferative, antifibrotic, anti-inflammatory, and antioxidant effects; these findings make the AT 2 R a potential target for reversing vascular remodeling observed in diseases where canonical AT 1 R activation may play a role [77, 78] . Thus, activation of this signaling pathway seems to counteract the more canonical AT 1 R-mediated events [70] . In addition, another biologically active component of the RAS is angiotensin (1-7) [Ang- (1-7) ]. Ang-(1-7) is produced by angiotensin converting enzyme 2 (ACE2) which convert AngI to Ang- (1) (2) (3) (4) (5) (6) (7) (8) (9) , that is subsequently cleaved to generate Ang-(1-7), or by converting AngII directly to Ang-(1-7) [79, 80] . Through the activation of its receptor MAS, Ang-(1-7) was shown to counteract most of the deleterious actions of the Ang II/AT1 receptor axis [76, 79, 80] . Furthermore, Ang-(1-7)/MAS axis was shown to prevent vascular remodeling by inhibiting proliferative signaling pathway such as pkc, PDGF and TGF-␤ signaling pathways [79, 81] .
Endothelin-1
In addition to AngII, ET-1 is another potent modulator of vascular tone and also contributes to vascular remodeling in diseases such as hypertension and diabetes [82] . Similar to AngII, ET-1 signals through two distinguishable and divergent receptor subtypes, ET A and ET B receptors. In the vasculature, the ET A receptor is mainly located on VSMC. However, the ET B receptor is primarily located on endothelial cells, but may also be present on VSMC. Under physiological conditions, ET A receptor signaling mediates vasoconstriction, which is partly counteracted by endothelial ET B receptor-mediated release of NO [83] . In pathophysiological conditions, there are increases in plasma ET-1 levels as well as expression and signaling of ET-1 receptors in the VSMC [83] . Plasma ET-1 levels were shown to be elevated in humans with MetS [84, 85] . In a prediabetic MetS dog model, Knudson et al. showed that ET A -mediated coronary arteriole vasocontriction was not different from the control group despite a significant decrease in ET A receptor expression and no change in circulating ET-1 levels [85] , suggesting an early phase of coronary endothelial dysfunction due to the sensitization of ET-1 signaling [85] .
ET-1-mediated intracellular signaling is very similar to that of AngII, resulting in activation of multiple signaling cascades that include PKC, MAPKs, ROS, and TGF-␤. These pathways lead to subsequent increases in vascular proliferation, migration and fibrosis [70] . Furthermore, ET-1 can also contribute to vascular remodeling by regulation of MMP activity [86] and changes in ECM composition, such as increased collagen levels [86, 87] .
Advanced glycation end products (AGE)/receptor for advanced glycation end products (RAGE) pathway
AGEs are proteins or lipids that become glycated after exposure to sugars. AGEs contribute to a variety of microvascular and macrovascular complications via molecular cross-linking in the basement membrane of the ECM. It was shown to covalently crosslink ECM proteins, making these proteins resistant to hydrolytic turnover. This process results in the excessive accumulation of collagen and augmentation of stiffening in tissues such as the heart and aorta [88] [89] [90] [91] [92] . In addition to directly binding ECM proteins, AGEs regulate ECM turnover and arterial stiffness via RAGE activation [93, 94] . Under normal conditions, all polypeptides can be non-enzymatically glycated; however, the net effect of this phenomenon is substantially augmented in disease states such as diabetes [88] . Increased vascular AGE causes endothelial dysfunction associated with increased RAGE expression and vascular cell adhesion molecule-1 (VCAM-1), as well as increased stiffness associated with increased pulse wave velocity (PWV), aortic wall thickness, and elastin disruption [93] . AGE production and RAGE expression were shown to be increased in db/db mouse model of T2D and MetS, which were associated with endothelial dysfunction in CRMs. Inhibition of AGE/RAGE signaling using soluble RAGE (sRAGE) improved endothelial function in diabetic mice, suggesting an important role of AGE/RAGE signaling in mediating CRMs endothelial dysfunction [95] . In an experimental model of hypertension, both vascular AGE and RAGE levels were increased, which was associated with endothelial dysfunction and vascular hypertrophy in the aorta, possibly due to increased VSMC proliferation and collagen deposition [96] . This vascular effect of AGE/RAGE was mediated by increased tissue RAAS system activation, increased ROS and activation of pro-inflammatory nuclear factor NF-B. AGE signaling inhibition improved vascular structure and function, and this effect was also blood pressure-independent [96] . Furthermore, RAGE activation was shown to stimulate increased RAGE expression in a positive feedback manner that was ROS/NF-B dependent. This reveals the feed-forward cycle of endothelial and vascular dysfunction, vascular remodeling and inflammation; all these factors further contribute to the progression and detriment of vascular pathology.
Using a mouse model of T2D (db/db mice), data from our laboratory showed a correlation between RAGE expression and vascular remodeling (unpublished data). While we did not observe any effect of diabetes on RAGE expression and remodeling in the aorta, diabetic CRMs underwent inward hypertrophic remodeling associated with increased RAGE expression. This hypertrophic remodeling was mitigated by genetic deletion of RAGE in db/db mice, suggesting that the observed microvascular remodeling is RAGE-dependent. AGE/RAGE signaling can induce VSMC phenotypic changes, proliferation and migration associated with increased MMP activation [97] .
Inflammation
Low grade vascular inflammation plays an important role in progression of disease states. Immune cells such as T-cells and macrophages play a central role in mediating endothelial dysfunction and vascular remodeling [46, 47, 98, 99] . These cells produce pro-inflammatory cytokines (such as TNF-␣) and interleukins (IL) that contribute to vascular remodeling in a variety of ways [98] . Lee et al. showed that cardiac TNF-␣ protein expression and serum IL-6 were significantly increased in a db/db mice, and were associated with endothelial dysfunction in the coronary microvasculature [100] . In another study, plasma concentration and the expression of TNF-␣ and its receptor (TNFR1) were elevated in coronary arterioles of db/db mice resulting in coronary endothelial dysfunction [101] . Furthermore, treatment with a TNF-␣ neutralizing antibody or TNF-␣ gene knock-out improved endothelial function in diabetic mice's coronary arterioles [101, 102] .
In addition to increased circulating pro-inflammatory markers, increased expression of cell adhesion molecules such as intracellular adhesion molecule-1 (ICAM-1) and VCAM-1 are strongly associated with vascular remodeling [46, 47] . In diabetes and hypertension, activation of pro-inflammatory pathways, especially via NF-B, is central to several pathways associated with vascular remodeling. The AngII, ET-1, AGE/RAGE and ROS pathways all culminate in increased NF-B levels. In fact, NF-B activation was shown to directly cause phenotype switching and increase of VSMC proliferation [97, [103] [104] [105] . NF-B also contributes to the disease progression by increasing expression of pro-inflammatory cytokines (TNF-␣, IL-6,IL-8, IL-1) as well as cell adhesion molecules (ICAM-1 and VCAM-1) [106] .
Conclusions
Recent studies have shed light on the functional and structural changes observed at an early stage of metabolic diseases. In T2D and MetS, our data and others show that microvascular endothelial dysfunction precedes the remodeling, which may be a compensatory mechanism to restore normal microvascular wall tension. Macrovascular remodeling occurs at a later stage, and can result from changes in VSMCs migration/proliferation as well as ECM turnover and/or in response to an atherosclerotic plaque.
In the heart, future studies aiming to unveil potential mechanistic and therapeutic approaches are crutial to our understanding of CMD, with the ultimate goal of preventing or halting the progression of cardiovascular complications. In clinical settings, several measurements relying on the quantification of CBF and CFR are used to describe the function of coronary microvasculature [15] . However, the development of direct and quantitative methods to detect or predict CMD are critical, especially for patients with no obstructive CAD, and can be used to guide intervention aimed to reverse microvascular dysfunction and reduce the burden of risk factors.
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